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Abstract
In many respects, genetic studies in cystic fibrosis (CF) serve as a paradigm 
for a human Mendelian genetic success story. From recognition of the con-
dition as a heritable pathological entity to implementation of personalized 
treatments based on genetic findings, this multistep pathway of progress
has focused on the genetic underpinnings of CF clinical disease. Along this
path was the recognition that not all CFTR gene mutations produce the
same disease and the recognition of the complex, multifactorial nature of
CF genotype–phenotype relationships. The non-CFTR genetic components
(gene modifiers) that contribute to variation in phenotype are the focus of this
review. A multifaceted approach involving candidate gene studies, genome-
wide association studies, and gene expression studies has revealed significant
gene modifiers for multiple CF phenotypes. The bold challenges for the fu-
ture are to integrate the findings into our understanding of CF pathogenesis
and to use the knowledge to develop novel therapies.
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1. INTRODUCTION
Cystic fibrosis (CF; OMIM 219700) is one of the most commonly studied and referenced mono-
genic, recessive diseases in human genetics and is caused by mutations in the cystic fibrosis trans-
membrane conductance regulator gene (CFTR). Estimates of incidence are approximately 1 in
3,000 in populations of northern European origin, with reduced frequencies in other regions
(115). The relatively high incidence, coupled with the high penetrance of the disease phenotype
and the frequency of severe and life-threatening disease consequences almost immediately after
birth, has provided the research community with a strong incentive to both understand and treat
this devastating condition.
Early descriptions of the disorder referred to it as cystic fibrosis of the pancreas because of the
cysts and fibrosis present in infant pancreatic tissue at autopsy (41, 44). Other consistent features
noted in infancy were salty sweat, meconium ileus, and respiratory disease. The life spans of CF
patients were short (41, 45, 149). Surgical treatments to correct the intestinal obstruction caused
by meconium ileus and the development of pancreatic enzyme supplements were highly successful,
and together they increased the expected life span from infancy to toddlerhood and childhood (97).
These life-saving efforts changed the treatment focus to the morbidity and mortality associated
with severe respiratory disease, which develops after birth and sits at the center of the lifelong
disease burden in contemporary CF care.
Advances in the understanding of lung disease—in this case, the buildup of viscous mucus,
or mucoviscidosis, as CF was called, with resultant airway infections—led to further dramatic
increases in life expectancy into the teens and early 20s, with the development of physical therapy
to clear mucus and antibiotics to reduce infectious burden (83, 97). Continued improvements
in these modalities, augmented by additional treatment options, such as DNase to help reduce
mucus thickness, hypertonic saline to hydrate airway secretions, and lung transplantation, have
further served to increase life expectancy (53, 60, 125). With the development of CFTR-directed
therapies that correct defective protein function (70, 73, 120, 136), the CF research community
can happily report that the life expectancy of individuals with CF should continue to improve.
Thus, the history of CF and its treatment remains a model for progress in genetic disorders
(35, 41, 45, 97). From its recognition as a familial and recessive hereditary trait to the delineation
of key physiological processes associated with affected individuals, the localization of the genetic
defect via linkage, the successful identification of the gene using chromosome walking approaches,
the identification of the CFTR chloride/bicarbonate ion channel as the key protein defective in
CF pathogenesis, the discovery of the functional consequences of key CFTR gene mutations,
the development of newborn screening with demonstrable clinical benefit, and the present-day
expectation of prolonged life based on personalized medicine and organ-specific treatments, the
path of CF research and treatment provides a road map of impressive success.
Still, the disease burden is heavy for CF patients and their caregivers—economically, socially,
and psychologically—and current treatments are not effective in all patients. Because of this, the
search for new therapeutic options and the identification of druggable targets continue. A full
understanding of the effect of environmental and non-CFTR genetic influences in the context of
CF disease development will lead to these new targets. Environmental influences, which include
secondhand smoke and microbial exposures, pollution, climate, socioeconomic status, and nutri-
tion, are important features of CF phenotypic expression that have been covered extensively in
previous works (67, 89, 107, 114, 124). This review seeks to provide the latest perspectives in the
CF genetic modifier research area. We refer readers to specific prior reviews to gain a perspective
on how the field has advanced across time (34, 46, 62, 69, 82, 84, 145).
A discussion of genetic modifiers assumes heterogeneity of the phenotypic expression of the
disease. CF is a classic example of a recessively inherited Mendelian trait. Even so, heterogeneous
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phenotypic expression is common in CF (16), as seen in other recessive Mendelian disorders, such
as the presentation of sickle vaso-occlusion and hemolytic anemia in sickle cell disease (72). In
the case of CF, it is important to appreciate the multiple sources of phenotypic diversity within
the broader discussions. These sources include the tissue-specific phenotypes produced by CFTR
loss, the phenotypic diversity associated with different CFTR mutations, and the role of modifiers
(environmental and genetic).
2. MAJOR TISSUE-SPECIFIC CYSTIC FIBROSIS PHENOTYPES
Defects in CFTR lead to clinically relevant phenotypes unique to each affected organ. For the most
part, CFTR-dependent organ systems contain secretory epithelial layers, where CFTR functions
at the apical surfaces to regulate fluid and ion homeostasis and pH (41, 97, 113). Airways, the
intestine, the pancreas, the hepatobiliary system, airway submucosal glands and sweat glands, and
reproductive organs all require functional CFTR in health. In disease, loss of CFTR affects each
tissue in clinically important respects. Lung disease with mucus plugging and bacterial infections of
the airways and sinuses accompanies CFTR loss in airway epithelium and submucosal glands (83).
Failure of CFTR in the pancreas leads to loss of exocrine pancreatic function and subsequent fat
and nutrient malabsorption, as well as greatly increased risk for developing CF-related diabetes
(CFRD) (149). Male infertility results from obstructive azoospermia caused by developmental
defects of the vas deferens (20). Elevated sweat sodium and chloride result from a failure of salt
absorption in sweat ducts, producing complications related to heat stress (20, 28). Loss of CFTR
expression in intestinal epithelium can lead to meconium ileus, nutrient malabsorption, and distal
intestinal obstruction syndrome (43). CF liver disease occurs when the hepatobiliary ductal system
is affected (123).
In the context of genetic modifiers, it is important to recognize that each of these affected
systems has its own specific phenotypic heterogeneity and responds to CFTR mutations and en-
vironmental and non-CFTR genetic modifiers in unique ways (Figure 1). It is clear that in some
organs, such as the male genital tract and sweat duct, CF mutations are highly penetrant, and
phenotypic expression follows a strict Mendelian pattern of inheritance. In this context, nearly
all males with CF mutations and multiorgan involvement are sterile because of developmental
vas deferens defects, and high sweat chloride is so pathognomonic that it is used as a diagnostic
test for the disease. In other organ systems, the effects of CFTR mutations and environmental
and genetic modifiers are clearly more relevant, and the situation can become quite complex
(Figure 1). For example, while the development of airway disease over the lifetime is highly pene-
trant, the rate of lung function decline, severity of lung disease, and age of onset of chronic bacterial
infections in the lung are highly variable (38, 80, 146). Furthermore, while newborn presentation
of intestinal obstruction with meconium ileus is pathognomonic for CF, only approximately 20%
of CF patients are born with meconium ileus (51). Moreover, approximately 90% of CF patients
have exocrine pancreatic insufficiency, which serves as a basis for newborn screening, and approx-
imately 10% maintain adequate pancreatic exocrine function (92, 149). Finally, the development
of CFRD is age dependent; while few children have CFRD, 40–50% of adult patients have it (100,
101).
Nonclassic presentations of CF, which often involve just one organ system, add layers to pheno-
typic complexity. These disorders have become evident in the CF literature since the identification
of the CF gene. A recent review described the diagnostic conundrums resulting from phenotypic
variability (20). When there is single-organ involvement, the clinical manifestation is referred to as
CFTR-related disorder, a term that recognizes CFTR dysfunction in patients that lack fulfillment
of key diagnostic criteria, such as high sweat chloride (15). Congenital bilateral absence of the vas
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Schematic showing the magnitude of effect of mutant CFTR (Mendelian) versus those of environmental influences and modifier genes
for various organ systems. Mutations in the CFTR gene are the initiating and predominant genetic influence in cystic fibrosis (CF).
There are non-CFTR genetic variants (both adverse and beneficial) that modify disease severity in CF in conjunction with
environmental factors. Some affected organs are more susceptible to environmental influences and CFTR mutations than others. On
the far end of the spectrum, CFTR itself is just one potential modifier in the presentation of complex disease traits. Adapted from
Reference 84 (from original image used with permission of Dr. Peter Durie).
deferens is one well-documented example (106); in this condition, evaluation in fertility clinics in
patients who are otherwise phenotypically normal leads to the discovery of CF mutations. CFTR-
related disorders now extend beyond congenital bilateral absence of the vas deferens to include
idiopathic chronic and acute recurrent pancreatitis, diffuse bronchiectasis, rhinosinusitis, allergic
bronchopulmonary aspergillosis, and sclerosing cholangitis (106). Patients with these CF-related
disease entities have a higher prevalence of carrying one or two CFTR mutation variants than is
seen in the general population (16, 27). On the far end of this spectrum are conditions where CFTR
itself could become a gene modifier for complex disease traits, such as chronic obstructive pul-
monary disease and asthma (7, 39, 105, 112). In such cases, polymorphisms associated with CFTR
become one of many environmental and genetic factors contributing to disease presentations.
3. CFTR GENETIC DIVERSITY
The CF field made scientific headlines with the publication of seminal papers identifying the CF
gene (79, 117, 118). Clearly, this discovery marked one of the key milestones in the history of
CF research. Discovery of the gene led rapidly to discovery of mutations, with well over 2,000
now described (128) that span all possible types, including missense, frameshift, splicing, and
nonsense mutations; in-frame insertions or deletions; and promoter mutations (36). The presence
and frequency of CFTR mutations vary widely across the globe, and excellent reviews on this topic
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are available (127). It is notable that there are 281 verified CF-causing variants in CFTR, which
account for mutations in approximately 99% of CF patients (37).
A useful paradigm was developed for classifying CFTR mutations based on functional con-
sequences, i.e., their ability to disrupt the normal ion transport functions of the CFTR protein
(146, 147). In this classification, CFTR mutations fall into five generally distinct categories: class I,
defective protein production (nonsense, frameshift, and splicing mutations); class II, defective
protein maturation and processing (the most commonly observed CFTR mutation, Phe508del, is
in this category); class III, defective CFTR channel regulation or gating; class IV, altered CFTR
channel conductance; and class V, altered CFTR protein stability (98). While not all mutations
fall neatly into these categories, the generalized scheme has stood the test of time. Understanding
the features of each identified mutation is the goal of several recent initiatives (12, 24, 139).
Not surprisingly, the presentation of tissue-specific CF phenotypes is highly dependent on the
type of mutation. For example, in the exocrine pancreas, CFTR mutation-specific effects have led
to the widely used nomenclature of pancreatic-sufficient versus pancreatic-insufficient mutations
(78, 80, 91, 155). Pancreatic insufficiency occurs when less than 5% of the exocrine pancreas is
functioning, resulting in severe fat malabsorption and malnutrition (64). Pancreatic sufficiency
occurs when there is residual CFTR function, and sufficient pancreatic function avoids the need
for pancreatic enzyme replacement therapy. In general, severe class I–III mutations in both alleles
are associated with pancreatic insufficiency (5, 52). While pancreatic-sufficient mutations are asso-
ciated with better nutritional status, they are also associated with a risk of developing pancreatitis
(109). In general, meconium ileus and distal intestinal obstruction syndrome are also usually asso-
ciated with severe class I–III mutations on both alleles (87). CFTR mutations with residual function
are uncommon in individuals with severe CF liver disease (characterized by portal hypertension
resulting from cirrhosis) and CFRD, but beyond that, specific CFTR mutations are not associated
with severe CF liver disease or CFRD (8, 150).
Genotype–phenotype relationships to lung disease severity are generally more complex than
those in other tissues. As mentioned, most CF patients develop airway pathology across their
lifetimes, with most developing it during childhood; thus, the phenotype as a broad class is highly
penetrant, regardless of mutation class. In other words, the mechanistic pathophysiology of CF
lung disease is similar regardless of the exact nature of the mutation (48); i.e., there is loss of
lung function caused by CFTR deficiency accompanied by common features (mucus plugging
and bacterial infections). Nonetheless, lung disease phenotypic diversity arises as patients develop
lung disease across time. Patients with class I–III mutations (pancreatic-insufficient mutations, with
loss of function) tend to have worse lung function with a faster decline in FEV1 (forced expiratory
volume measured during the first second of the forced breath) and higher risk for more severe
lung disease than patients who carry at least one class IV or V mutation (30, 42, 65). However,
at any given age, the severity of lung disease for homozygotes (or compound heterozygotes) for
class I–III CFTR mutations is quite variable, and some older patients have relatively mild lung
disease. Patients who carry at least one class IV or V mutation (pancreatic-sufficient mutations,
with residual function) tend to have milder lung disease, but some develop severe respiratory
disease. Furthermore, the considerable variability in the rate of lung function decline, the age of
onset of lung function decline, and the age of onset of chronic respiratory pathogens means that
it is difficult to reliably predict the severity of pulmonary disease within a given individual based
only on CFTR genotype (84, 146, 153, 155).
Overall, phenotype–CFTR genotype correlations are strong for some phenotypes and weaker
for others, where environment and non-CFTR genetic modifiers play a role. For the purposes of
this review, it is important to note that a handful of all known mutations account for the vast ma-
jority of all mutations. Phe508del is by far the most common mutation worldwide, accounting for
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approximately 70% of all CFTR alleles worldwide and in the United States (37, 146). Importantly,
there are enough CF patients homozygous for this mutation for the field to state accurately that
CF phenotype presentation varies widely, even among CF patients with the same CFTR mutation.
In the next section, we explore the finding that variation in the CF phenotypes is significantly
dependent on heritable non-CFTR influences, setting the stage for the rest of this discussion.
4. THE ROLE OF NON-CFTR GENE MODIFIERS
Outside the CFTR gene itself, phenotypic variation is dependent on both the environment and the
host genetic background, and the potential role of gene modifiers is dependent on the latter. In the
broadest sense, the strong potential role of genetic modifiers in determining CF phenotypes can
be appreciated if we consider the disparate phenotypes associated with the various animal models
(mice, pig, rat, and ferret), where background genetics clearly drives or determines phenotypic
manifestation (119). CF pigs, for example, have highly penetrant development of meconium ileus,
whereas only 20% of CF humans develop this phenotype. Lung disease with spontaneous devel-
opment of mucus plugging and infection, which is highly penetrant in human CF, is missing in
mice and rats, although recent interesting evidence suggests that mucus abnormalities observed in
human airways are recapitulated in the rat model as the animals age (9). CF male mice are fertile,
while CF male humans clearly are not. While environmental influences likely play some small
role in these cross-species differences, the integration of CF function with the multitude of other
species-specific genes and proteins is likely responsible for a majority of species-specific effects
of CFTR loss. In this sense, it would be misleading to view findings in CF animal models as the
true CF picture and insist that humans must model the animals to expand our understanding of
CF pathogenesis, rather than the inverse. Thus, studying humans is the ideal way to evaluate CF
phenotypic variation.
Along those lines, heritability studies in humans are the most direct way to define the CF
phenotypes affected by gene-modifying traits (Table 1). Heritability studies in CF are possible
owing to the relatively high incidence of the condition, and such studies have led directly to a
measure of heritable, nonenvironmental, genetic modifier effects. Because they control for both
the genotype and (for the most part) the environment, studies of phenotypic differences in twins





Lung disease severityb 0.54–0.80 99, 138
CF-related diabetesc >0.80 13
Meconium ileus occurrencec >0.80 11, 103
Nutritional status 0.54–0.82 18
Age of onset of chronic Pseudomonas aeruginosa
infection
>0.76 68
Serum immunoreactive trypsinogen as surrogate for
early exocrine pancreatic insufficiency
>0.45 126
aRefers to the heritability that is not due to differences in phenotype that occur across different CFTR mutations.
bDependent on the methodological approach.
cIn CF patients with two severe mutations and pancreatic insufficiency.
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and siblings provide the strongest evidence for heritable nonrelated modifying traits. Such studies
have demonstrated high degrees of heritability for several CF phenotypes, including pulmonary
outcomes (99, 138), intestinal obstruction at birth (11), early exocrine pancreatic insufficiency
(126), body mass index as a surrogate for nutritional status (18), age of onset of chronic Pseudomonas
aeruginosa infection (68), and CFRD (13). While all heritability estimates vary depending on the
specific analyses and the specific population studied (dizygous twins versus monozygous twins
versus siblings), they nonetheless have pointed to important roles of non-CFTR modifiers in
disease presentation.
5. GENE MODIFIERS: CANDIDATE GENE AND LINKAGE
APPROACHES
The rationale for identifying gene modifiers for key phenotypes is established. As with other
diseases, candidate gene approaches were common in the earlier years in the search for gene
modifiers in CF (29, 33), and an excellent recent review is available on this topic (69). Many
of these early CF candidate gene studies were relatively small and did not include a validation
cohort, and many of these early findings were conflicting (22). One of the first larger studies,
which included a replication cohort, found a genetic variant in TGFB1 to be associated with lung
disease severity (50). The association with TGFB1 was validated in a separate cohort (19) but
was not validated (statistically) in the recently reported genome-wide association study (GWAS)
findings (31). IL8 (currently known as CXCL8) (61, 75) and MBL2 (25) are additional candidate
genes that are supported by multiple studies but are not statistically significant in GWASs. Linkage
studies that localized the causal gene to chromosome 7 (chr7) were extremely useful during the
initial search for the CF gene (85, 141), but linkage studies for the identification of gene modifiers
(11, 18, 151) have not been extensively used to provide novel mechanistic insights at present.
6. GENE MODIFIERS: GENOME-WIDE ASSOCIATION
STUDY RESULTS
As the field accrued larger cohorts, candidate gene and linkage approaches gave way to GWASs.
The efforts of the International CF Gene Modifier Consortium in studying samples from the
United States, Canada, and France have produced the benchmark results in this area (31). The
consortium’s initial focus on airway phenotypes has expanded to include other phenotypes, such
as CFRD and meconium ileus.
6.1. Lung Disease Severity
Because of the importance of lung disease in the pathogenesis of CF, the evidence for high
heritability of lung disease phenotypic variability, and the need for improved treatments for CF
pulmonary disease, identification of genetic modifiers for lung disease progression has been the
major focus of current GWAS efforts. Several features of these efforts, including the key findings,
are described in detail in the following sections.
6.1.1. Lung phenotype harmonization. In order to conduct large—and thus powerful—GWAS
analyses in CF, it was first necessary to develop methods to harmonize lung phenotypes across
cohorts. For the severity of lung disease, this harmonization process was not trivial, as any quan-
titative lung phenotype required correction for attrition within the population owing to patient
mortality with age. The quantitative phenotype that evolved for large-scale, international studies
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has been termed Kulich normal residual mortality adjusted for CF-related mortality (KNoRMA)
or the Consortium lung phenotype (where “Consortium” refers to the International CF Gene
Modifier Consortium) (135, 151). KNoRMA requires three years of pulmonary function tests
that are referenced to thousands of age- and gender-matched CF patients and adjusted for mor-
tality (14, 135).
6.1.2. Loci associated with lung disease severity. Using KNoRMA as the quantitative lung
phenotype, the International CF Gene Modifier Consortium has identified five loci with significant
associations with lung disease severity (31) (Table 2). These results extend an earlier report that
combined GWASs and linkage in a subset of the consortium participants (151). As discussed
in the published work, all five regions contain genes of biological interest with high mechanistic
probability. However, as with most GWAS signals, the regions of highest association are intergenic
and therefore likely regulatory. To date, ongoing research has not directly linked a mechanism to
the polymorphisms for any of the regions.
Nonetheless, the GWAS results provide a framework for the research needed to identify the
mechanism of association. With the advent of improved and specific CF therapies that restore
some function of CFTR, we anticipate a change in lung disease severity and trajectory, which will
preclude calculation of a harmonized KNoRMA in younger CF cohorts. It will thus be challenging
to extend the current findings to even larger studies, as is often done with other, more common,
complex disease phenotypes, and these five loci potentially represent the best measurement of
non-CFTR genetic variation contributing to lung disease severity in the GWAS era.
Understanding the mechanistic effects of the polymorphisms in these five critical regions on
CF lung pathophysiology will be an important next step in CF gene modifier studies. Global
efforts to map regulatory regions, define chromatin domain structure, establish highly powered
expression databases, and apply new statistical methods will facilitate these efforts. International
CF Gene Modifier Consortium investigators and others are beginning to make strides in these
areas, expanding knowledge of the functions of the genes in the region, increasing understanding
of the role of the regulatory features encompassing the association signals, and delving deeper into
the regions by fine mapping and deep sequencing. Two regions, the chr6p21 region containing
human leukocyte antigen (HLA) genes and the intergenic chr11p12–13 region, provide examples.
6.1.3. Lung function and the chr6p21 region: HLA. The HLA region is the most polymorphic
in the human genome and comprises hundreds of genes, including the major histocompatibility
complex (MHC) genes. MHC molecules are critical in antigen presentation and the ensuing
appropriate or pertinent inflammatory response. Before the advent of GWASs, there were hints
that the region would be critical for CF pathogenesis. Class II HLA-DR7-negative CF subjects
were shown to have lower IgE and protection against P. aeruginosa, and the presence of allergic
bronchopulmonary aspergillosis was associated with the presence of class II HLA-DR2 and absence
of HLA-DQ2 expression (3). The first large GWAS found a suggestive signal in the HLA locus
(151) that was replicated in the latest study, reaching genome-wide significance (31).
A robust GWAS signal associating with lung disease severity occurs in a region containing
multiple HLA genes in the International CF Gene Modifier Consortium cohort of 6,365 CF
patients (31). The complexity of the region is high, and the association signal spreads across a
region of high linkage disequilibrium and relatively poor coverage, making it currently impossible
to conduct fine mapping with available genetic data. Further analyses, utilizing all GWAS p values
calculated for individual genes (gene-level p values) from the GWAS cohort identified robust
signatures for HLA genes (108, 111). When the significant GWAS signals across the genome
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Table 2 Key features in the five genome-wide association study (GWAS) loci associated with lung disease severity in




ChrXq22–23 AGTR2 Encodes an angiotension type II receptor
Contributes to a variety of functions related to pulmonary biology,
including lung fibrosis, nitric oxide synthase expression, and lung
inflammation
88, 94, 140
SLC6A14 Encodes an amino acid transporter
Variants in its 5′ regulatory region reported to modify risk for neonatal
intestinal obstruction, lung disease severity, and age at first Pseudomonas
aeruginosa infection in individuals with CF under 18 years of age
95, 132
Chr3q29 MUC20, MUC4 Mucin genes expressed in luminal airway epithelium, where they
contribute to mucosal glycocalyx
Postulated to play a role in maintaining osmotic pressure and proper
hydration of ciliary fluid layers
23, 81
Chr5p15 SLC9A3 Encodes a sodium–hydrogen exchange protein important for regulation
of pH and sodium in a variety of CF-relevant epithelia
Knockout mice reported to develop CF-like male infertility and have
reduced intestinal obstruction in CFTR-deficient background
Polymorphisms associated with age of first Pseudomonas aeruginosa
infection, increased susceptibility to meconium ileus, and worsened
pulmonary function
2, 6, 17, 49,
132, 144
EXOC3 Encodes a component of the exocyst complex important for targeted
exocytosis of post-Golgi transport vesicles to plasma membrane
Ciliogenesis, apoptosis, autophagy, and epithelial–mesenchymal
transition depend on the exocyst complex
Transport vesicle pathways significant in CF gene expression studies and
GWAS pathway analyses
108, 111, 134
CEP72, TPPP Function in microtubule formation, which is reported to be disturbed in
CF cells
122




Chr11p12–13 EHF Epithelial transcription factor with important functions in airway biology
related to inflammation (including neutrophil inflammation), wound
healing, and response to injury
Regulatory elements in the GWAS region interact with EHF enhancer
elements
58, 59, 129
APIP Mediator of bacterial inflammation, apoptosis, and the methionine
salvage pathway
Methionine salvage pathway significantly associated with lung disease
severity in gene expression studies using CF nasal epithelium
86, 111, 142
evaluated for association with nasal epithelial gene expression levels (N = 134) from CF patients,
HLA genes were frequently present in significant gene expression pathways (111).
Studies utilizing gene expression in lymphoblastoid cell lines (LCLs) (N = 754 from CF
patients) (108) and nasal epithelial samples from CF patients (N = 134 CF patients) (111; see
further discussion in Section 8) also identified significant gene (Figure 2) and pathway signatures




















































































The human leukocyte antigen (HLA) region and genes associated with lung disease severity in cystic fibrosis (CF) across multiple
analyses. This schematic depicts the statistical associations identified in differential gene expression studies from nasal epithelium and
lymphoblastoid cell lines (LCLs) and from genome-wide association study (GWAS) analyses (108, 111). HLA class I and II genes
(listed on the right and left sides of each vertical bar, respectively) whose mean expression values were above the cutoff of expressed
genes in each study were ranked according to the association strength [t statistic, with negative (−) associations to lung phenotype on
the bottom and positive (+) associations to lung phenotype on the top] in expression data. HLA genes represented in the GWAS panel
are depicted according to strength of association with Kulich normal residual mortality adjusted for CF-related mortality (KNoRMA)
using gene-level statistical tests (111), with p values provided as a reference to aid interpretation. The width of the vertical bar
represents the relative strength of the association finding. Individual genes are color-coded for convenience. A clustering of HLA genes
toward the regions with high association signals is apparent for the lung disease severity panels. HLA genes in nasal epithelium are most
strongly associated with a negative beta, indicating that increased expression is associated with worse lung function, while the opposite
is true for LCLs. Associations with the meconium ileus phenotype from the LCL data highlight no significant HLA findings for this
phenotype. Adapted from Reference 108 with permission.
associated with HLA genes. Interestingly, the HLA genes that were most significant in GWASs
were not necessarily those detected with significant associations in gene expression studies. Fur-
thermore, the direction of the expression of the HLA genes was not consistent across the two
tissues (Figure 2). Genetic variation in gene expression detected in LCLs, where environmental
growth conditions were carefully controlled, largely represents underlying heritable variability
that alters HLA protein function, whereas gene expression in nasal epithelium directly sampled
from CF patients largely reflects the genetic response of HLA genes to environmental influences.
As both hematopoietic and airway epithelial cells are known as antigen-presenting cells that ex-
press and utilize HLA genes, we hypothesize that the role of HLA genes in CF will have tissue-
and environment-specific components. This hypothesis is necessary in order to give coherence to
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these overall findings. Interestingly, from the LCL data, the HLA genes did not contribute at all
to the development of meconium ileus in the same set of CF patients (108) (Figure 2), suggesting
tissue-specific phenotypic regulation by HLA.
Thus, robust genetic and expression signatures for HLA genes are present across all of these
studies (GWAS, gene-level GWAS, LCL gene expression, and nasal gene expression), and we
conclude that HLA genes play an important role in CF lung disease severity. The mechanism
of this effect eludes understanding, although the association of CF phenotypes with the HLA
region is not surprising given the role of these genes in regulating immune responses. The MHC
region contains the greatest number of significant associations from GWASs relative to any other
region in the genome (76), associating with more than 100 different phenotypes (148). The CF-
association MHC region contains GWAS signals for other respiratory and many inflammatory
diseases, such as asthma and Crohn’s disease (77). It is unclear whether mechanistic insights
discovered in airway diseases such as asthma will be applicable to CF. Any clarification on this
complex issue must await a clear understanding of the specific HLA alleles present in the CF
population and a much deeper appreciation for the role that single-nucleotide polymorphisms
(SNPs) play in the expression of these HLA genes. Thus, the CF community is anxiously awaiting
whole-genome sequencing and the application of other methods to fully define the different HLA
alleles in this complex region.
6.1.4. Lung function and the chr11p12–13 region: EHF and APIP. The first large GWAS
in CF identified one significant association with lung disease severity, an intergenic region on
chr11p between two genes, EHF and APIP (151). This region remained significant in the larger
International CF Gene Modifier Consortium analyses (31). Because it was the first region identi-
fied, there has been considerable effort to identify the mechanistic links. Interestingly, CF patients
homozygous for the Phe508del mutation drive the association between lung disease severity and
polymorphisms in this region (40). This was the only region of the five major loci that exhibited
this effect, with other loci showing association even in non-Phe508del patients. Any mechanistic
links between polymorphisms and lung disease must seek to explain this finding.
Both EHF and APIP are attractive candidates for mechanistic links in the region (Table 2).
Deep sequencing across the region failed to identify coding variants in EHF, APIP, or PDHX
(which shares a promoter region with APIP) that could account for phenotypic effects (40). The
region is known to contain a variety of regulatory regions, as described from Encyclopedia of
DNA Elements (ENCODE) data, including highly interesting airway-specific signatures, which
are presently being explored (129, 133). Analyses of Genotype-Tissue Expression (GTEx) gene
expression data, and also of our own internal expression data, have failed to convincingly link any
strong expression quantitative trait loci (eQTLs) for genes in the region to the association signals
(21). Information available on chromosome tertiary structure from public databases has identified
potential interactions, but they seem to extend toward EHF and APIP (in both directions) and have
not provided specific insights that focus on any one mechanism (26, 110, 143). However, recent data
obtained using circular chromatin conformation capture followed by sequencing (4C-seq), coupled
to findings from chromatin immunoprecipitation followed by sequencing (ChIP-seq), clearly link
regulatory features in the intergenic region with EHF-regulatory elements. These studies appear
to focus the mechanistic attention on EHF (129). EHF is highly interesting otherwise because
of its regulation of many CF-relevant pathways (58, 59, 129). On the other hand, APIP remains
relevant because of the finding that the methionine salvage pathway, of which APIP is a key
player, is associated with lung disease phenotype in studies of differential gene expression in CF
nasal epithelial cells (111; see further discussion in Section 8). Furthermore, the topologically
associated domain identified in the recent work extends into the APIP gene, although not entirely
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to the APIP promoter (129). If further study reveals a critical role for the methionine salvage
pathway, therapeutic options exist for its regulation (56, 57). Further complexity may evolve from
recent identification of a long noncoding RNA (lncRNA) species in this region (116), which has
not yet been studied. Ongoing work to delete regulatory regions, explore chromatin interactions
on the risk and nonrisk haplotypes, and explore the effects of these haplotypes on airway epithelial
biology using cell models should add clarity in the near future (129, 130, 133).
6.2. Genome-Wide Association Study Results for Cystic Fibrosis–Related
Diabetes (Endocrine Pancreas)
Insulin-requiring diabetes is a clinically important complication that affects 25% of adolescents
and 40–80% of adults with CF (96, 102). With increasing life expectancy, diabetes is becoming one
of the most important and common complications for CF patients. Among CF patients who carry
severe (pancreatic-insufficient) mutations, diabetes affects 40% by age 30 and 80% by age 50, and
despite improving diabetes management, it still causes increased mortality (93). The prevalence
of diabetes in people with CF is approximately 10 times that of type 2 diabetes in the general
population, and it manifests at a significantly younger age (32).
The development of diabetes is dependent on the level of residual CFTR function, as patients
with genotypes conferring residual CFTR function develop CFRD at a much lower rate than
those with severe (pancreatic-insufficient) CFTR genotypes (93), although this rate is still higher
than that of type 2 diabetes in the general population. Interestingly, however, CFTR mutations do
not otherwise explain wide variation in the risk of diabetes development among those with severe
CFTR genotypes, and gene modifiers were clearly demonstrated in twin and sibling studies (13).
The most definitive GWAS to date identified SNPs near SLC26A9 associated with CFRD using
the International CF Gene Modifier Consortium cohort (10).
The similarities between type 2 diabetes in the general population and CFRD, including an
increased prevalence with age, a progressive defect in insulin secretion, and an accumulation of
amyloid polypeptide in pancreatic islets, led to the suggestion that the two conditions would have
similar susceptibility genes (12). Indeed, this hypothesis has turned out to be true, as first identified
for CFRD susceptibility locus TCF7L2 in a family-based study (12). In this CF study, variation in
TCF7L2 increased diabetes risk approximately threefold and decreased the mean age of diabetes
diagnosis by 7 years. Variation in TCF7L2 accounted for 32% of population-attributable risk.
GWASs conducted on a larger group of CF patients also seemed to confirm the association with
TCF7L2 (4, 12).
The idea that type 2 diabetes susceptibility genes in the general population (104) are also sus-
ceptibility genes in CFRD was solidified by the identification of significant associations with three
additional type 2 diabetes loci, in SNPs at or near CDKAL1, CDKN2A/B, and IGF2BP2 (10).
Together with the GWAS SNP in SLC26A9 and the TCF7L2 SNPs, these loci accounted for
8.3% of the phenotypic variance in CFRD onset, with a combined population-attributable risk
of 68%. More recent analyses of data from the larger consortium data set have extended these
findings, demonstrating that genetic risk for type 2 diabetes [defined using a set of 155 type 2
diabetes risk variants available from the National Human Genome Research Institute–European
Bioinformatics Institute catalog of published GWASs (http://www.ebi.ac.uk/gwas)] was asso-
ciated with CFRD. This association persisted even after removing all SNPs in loci previously
reported to be associated with CFRD. An analogous polygenic risk score for type 1 diabetes also
showed evidence of association with CFRD development (4).
In summary, one CFRD modifier, SLC26A9, is likely involved directly with CFTR based
on its mechanism of action; indeed, the same CFRD SLC26A9 variants are also associated with
GG19CH09_Knowles ARI 26 July 2018 9:30
meconium ileus and exocrine pancreatic function (95). The involvement of type 2 diabetes loci
such as TCF7L2 implicates pathways involved in glucose metabolism that overlap between CFRD
and type 2 diabetes.
6.3. Genome-Wide Association Study Results for Meconium Ileus
Neonatal intestinal obstruction (meconium ileus) occurs in approximately 20% of CF patients
in the United States, with estimates varying between 14% and 21% depending on the country
registry data (51). The present understanding is that the CFTR mutations are major determinants of
meconium ileus occurrence; only those with severe (pancreatic-insufficient) CFTR variants tend to
develop this CF-specific bowel obstruction. Within patients with these severe mutations, however,
further heterogeneity of expression of meconium ileus exists—e.g., it is more predominant in
patients who carry the severe G542X and Phe508del alleles than it is in those who carry the
G551D alleles (51). Beyond that, heritability estimates indicate a predominant role for non-CFTR
genetic variants (Table 1).
In early studies focused on gene modifiers for intestinal disease manifestations of CF, genetic
variation on human chr19 was associated with meconium ileus and neonatal intestinal obstruction
(154), but this finding was not supported in later work (11). Linkage studies coupled with candidate
gene association studies identified two potential genes of interest for the development of meconium
ileus, ADIPOR2 and SLC4A4 (47), and confirmed an association of CFM1, which was identified in
the CFTR-deficient mouse as a modifier of meconium ileus development (121, 154). Furthermore,
a region on chr8 containing MSRA that showed linkage to meconium ileus (11) was validated in
a family-based association analysis and in an animal model (74).
A hypothesis-driven GWAS found that CFTR-associated constituents of the apical plasma
membrane as a group are associated with meconium ileus (132). The analyses for the larger
International CF Gene Modifier Consortium set of 6,770 subjects with meconium ileus data and
GWAS genotyping revealed three significant loci, including loci close to SLC26A9, ATP12A, and
SLC6A14, and a suggestive signal at PRSS1 (66). Interestingly, as a part of this work, using novel
data integration statistics, the Toronto-led effort has found data suggesting that these loci may
be affecting intestinal obstruction through gene regulation in the pancreas, providing evidence
that normal pancreatic enzyme function during embryonic development is critical for CF fetal
intestinal health.
7. PLEIOTROPY
The tissue-specific phenotypic effects of CFTR loss might predict the relative lack of congruency
of gene modifiers for each of the phenotypes—i.e., in general, GWAS loci that associate with one
phenotype might not necessarily associate with other phenotypes. However, there are a few exam-
ples of pleiotropy worth mentioning. SLC26A9 is pleiotropic for meconium ileus and pancreatic
damage implicated in CFRD (10, 95); SLC9A3 is pleiotropic for meconium ileus, lung disease,
and infection (49, 95); and SLC6A14 is pleiotropic for meconium ileus, lung disease, and age at
first P. aeruginosa infection (95).
8. GENE MODIFIERS: INSIGHTS FROM GENE EXPRESSION
In addition to GWASs, complex phenotypes can be explored using analytical approaches that
integrate “-omics” data from multiple sources (SNPs, gene expression, microRNA expression,
proteomics, etc.). Genetic variants captured by GWASs often alter gene or protein expression.
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eQTLs determined by combining the two types of studies often produce important mechanistic
insights. Furthermore, subtle changes in multiple genes within specific biological pathways can
occur, and integrated pathway analyses are often the only way to capture these signatures, which are
especially important in populations like CF patients, where accumulating hundreds of thousands
of subjects is not possible. Indeed, two studies have used integrated approaches to explore the
role of heritable gene expression in CF LCLs (n = 754 CF subjects) (108) and nasal epithelium
from CF patients (n = 134 CF subjects) (111). By associating measured gene expression with CF
phenotypes (focusing primarily on KNoRMA as a quantitative lung function measure), we have
been able to identify genes in significant pathways that provide new mechanistic insights.
LCLs are not the primary cell of interest for CF, but they were available in large numbers from
the University of North Carolina GWAS cohort, and many environmental influences could be
controlled for by growing them under identical conditions. The LCL study identified a series of
pathways of genes where heritable variation, leading to altered gene expression, was associated with
KNoRMA (108). LPAR6, a G protein–coupled receptor, was the single gene that was significantly
associated with lung disease severity. Additional analyses identified pathways broadly annotated in
three categories: endomembrane function (containing p.Phe508del processing genes), HLA class I
genes, and endoplasmic reticulum stress response genes. Expression pathways were concordant
for some endosome and HLA pathways with pathways identified using GWAS association data.
In the same study, pathways associated with age of onset of persistent P. aeruginosa infection
were enriched for HLA class II genes, and those associated with meconium ileus were related to
oxidative phosphorylation.
By contrast, the nasal epithelium is a more CF-relevant tissue, but it is more difficult to obtain
in large numbers and more likely to be directly affected by the environmental influences at the
time of sample collection. Interestingly, the nasal epithelial study captured pathways relevant to
airway mucosal host defense, reflecting host responses to insults influenced by the environment,
including viral infection, inflammation and inflammatory signaling, lipid metabolism, apoptosis,
ion transport, Phe508del CFTR processing, and innate immune responses, including HLA genes
(111). Ion transport and CFTR processing pathways as well as HLA genes were identified across
differential gene expression and GWAS signals. Compared with the LCL study, the nasal epithelial
study found less evidence of a heritable genetic influence on the KNoRMA-associated pathways,
implying a greater effect of environmental influences. While gene expression studies from other
groups are more limited, they have also reported similar pathway associations from airway epithe-
lium, with inflammation and viral responses clearly playing a role in disease outcome (90, 152). As
mentioned above, both LCL and nasal epithelial tissues captured robust gene expression signals
for the HLA genes and pathways associated with HLA functions (108, 111) (Figure 2).
We are currently in the process of obtaining microRNA and whole-genome sequencing
data and are continuing to refine integrated approaches to add value to the available data from
GWASs and gene expression studies. For example, we are exploring the use of PrediXcan and
transcriptome-wide association study approaches (63, 71), coupled to our own data and to GTEx
gene expression data, to impute gene expression to the larger CF cohort (more than 5,800 unre-
lated subjects). These studies will increase power to detect new genes and pathways, while also
providing key insights into the potential role of each gene in the GWAS regions. Others are
pursuing similar integrated approaches. For example, a systems biology approach that combined
database mining, literature mining, gene expression study, and network analysis, as well as path-
way enrichment analysis and protein–protein interactions, was recently applied to identify gene
modifiers, and several novel genes were shown to be potential modifiers of CF lung function,
pancreas disease, and liver disease (137).
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9. CYSTIC FIBROSIS GENE MODIFIERS: CONCLUDING THOUGHTS
The not-too-distant future holds many more opportunities for discovery of CF gene modifiers.
For example, whole-genome sequencing will expand GWAS-type studies to rare variant analyses.
The successful use of exome sequencing to identify DCTN4, CAV2, and TMC6 as modifiers of
chronic P. aeruginosa infection as part of work by the National Heart, Lung, and Blood Institute’s
Exome Sequencing Project provides examples of the potential utility of this strategy (54, 55).
Because of improved treatments, CF patients born from the 1970s to the 2000s are likely to have
lung disease severity phenotypes quite different from those in patients born more recently, and as a
result, lung function will become more and more difficult to phenotype for gene modifier studies.
Nonetheless, the ability to respond to new treatments, the development of adverse events with
treatment, and the effect of CF as patients age are examples of new phenotypes for exploration.
With large enough sample sizes and increasingly detailed records of patient responses to pharma-
cologic agents and exposure to environmental insults, pharmacogenomics and gene–environment
interaction studies are possible. As one example, treatment of CF patients with systemic glucocor-
ticoids significantly increased the risk for CFRD diabetes conferred by TCF7L2 (12). In another
example, variants in SLC26A9 modified the response of CF patients to the CFTR potentiator
ivacaftor (131).
Finally, CF researchers have long argued the logic of collecting genotypes of known modifiers
prospectively in CF clinical trials and longitudinal studies of infants identified through newborn
screening in order to eventually be able to define the full impact of the modifiers on the disease
course (1). While in theory this is a laudable goal, in practice the effects of modifier genes will be
difficult to evaluate in this era of ongoing therapeutic improvements. We believe that the robust
findings developed from the integrated GWASs and gene expression studies to date hold keys to
improved health, and we would support energetic exploration to link the gene modifier variation
to the disease outcome. Development of improved therapies will be the ultimate reward.
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